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Spin systems in solid state materials are promising qubit candidates for quantum information
or quantum sensing. A major prerequisite here is the coherence of spin phase oscillations. In
this work, we show a control sequence which, by applying RF pulses of variable detuning, allows
to increase the spin phase oscillation visibility and to perform DC magnetometry as well. We
experimentally demonstrate the scheme on single NV centers in diamond and analytically describe
how the NV electron spin phase oscillations behave in the presence of classical noise models. We
hereby introduce detuning as the enabling factor that modulates the filter function of the sequence,
in order to achieve a visibility of the Ramsey fringes comparable to or longer than the Hahn-echo
T2 time.
Solid-state qubits are of central importance within the
quantum technologies due to their outstanding perfor-
mance in key fields such as quantum information process-
ing [1] and quantum magnetic field sensing [2, 3]. Several
physical systems have been exploited to experimentally
realize solid-state qubits such as quantum dots [4–8], su-
perconductive qubits [9, 10], nuclear spins in materials
[11] and electronic spins in molecules or defect-centers in
crystals [12–15]. Among the latter, the nitrogen-vacancy
(NV) color center in diamond has been extensively in-
vestigated due to its exceptional stability and proper-
ties observed even at room temperature and in ambi-
ent conditions [16]. The NV center has an electron spin
triplet that can be optically initialized, readout via fluo-
rescence intensity measurement and controlled with ap-
propriate radiofrequency pulse trains [17–19]. This has
allowed the demonstration of quantum information stor-
age [20] and as well to perform magnetic field measure-
ments with high sensitivity and spatial resolution[21–24].
Furthermore, electron spin relaxometry has also been
used to probe the behavior of single magnetic domain
particles [25, 26] and small ensembles of molecules [27]
on the nanoscale. In order to perform sensing in com-
plex physical environments, dynamical decoupling (DD)
schemes have been implemented to filter-out the back-
ground magnetic noise from the specific target signals.
These schemes rely on sequences of precisely timed RF
pulses that act as frequency filters and bandwidth se-
lectors. Some basic DD measurements are Ramsey [28]
and Hahn-Echo [29] schemes, that have been followed
by a manifold of other techniques often deriving from
the nuclear magnetic resonance (NMR) field[21], such as
CPMG [30], XY-n [31], UDD [32, 33]. While most of
the currently available decoupling schemes are focused
on prolonging the T2 coherence time, they come at the
price of suppressing the spin phase oscillations. The cur-
rent approach to this issue relies mainly on using isotopi-
cally pure diamonds[34] with intrinsically high coherence
times, or elaborated schemes that circumvent the prob-
lem by using ancillary spins or a diamond mechanical ro-
tation [35, 36]. As these solutions rely on specific experi-
mental configurations, a robust dynamical-decoupling al-
ternative would be particularly interesting for a mani-
fold of applications. Motivated by recent experiments on
trapped atoms[37], we propose here an extension of the
Hahn-Ramsey dynamical decoupling scheme, where the
detuning of the RF spin control pulses is used to obtain
an increased visibility of the electron spin phase oscilla-
tions. We demonstrate the protocol on single NV centers
in bulk diamond, and show a pronounced increase in the
spin oscillations coherence time. Furthermore, we give an
analytical description of the filter function and of the se-
quence and provide an estimation of the scheme sensitiv-
ity for DC magnetometry, thereby proving that it can be
of great importance in a broad range of applications such
as quantum sensing, quantum information processing[38]
and synchronization [39]. For our experiment, we use a
type [111] CVD-grown delta-doped diamond plate with
a 15NV center rich layer. The diamond is placed on a
microwave waveguide and the RF pulses are delivered
via a 50 µm thick copper wire closely located to the sur-
face. From the bottom side, the diamond is accessible
via a high numerical aperture (NA = 1.4) oil immersion
objective Olympus UPLANSAPO 60X, that is used to
optically initialize the nitrogen-vacancies with a 532 nm
diode laser source pulsed by an acousto-optic modulator.
The same objective collects the fluorescence light that is
sent to a confocal setup and a beamsplitter, and finally
collimated on two Perkin-Elmer single photon detectors.
The setup, together with some basic measurements, is
shown in Figure 1.
After identifying a single NV center via autocorrela-
tion measurement and initializing its electron spin in the
ms = 0 state, a typical Ramsey measurement applies two
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FIG. 1. a) Schematic representation of the experimental setup; a [111] diamond plate is illuminated by an AOM-pulsed 532
nm green laser. The emission from the NV centers is collected via an oil immersion objective (NA = 1.40) and sent to a
confocal filter and a beamsplitter, terminating on two avalanche photodiodes used for autocorrelation and photon counting
measurements. The spins are manipulated by radiofrequency pulses delivered on the diamond by an impedance matched
stripline. By applying a static field of ≈ 500 G along the NV centers axis, the 15N nitrogen nuclear spin of the NV center is
hyperpolarized in one of its two states with a polarization ratio > 0.80 (b) as confirmed by the resonance measurement. The
scheme in c) shows the Ramsey (top) and Hahn-Ramsey (bottom) sequences, with the green areas representing the polarization
and readout laser pulses, and the blue areas representing the microwave pulses controlling the NV centers electron spin, with
their detuning indicated as ±∆.
pi/2 pulses separated by a free precession interval, where
the electron spin picks up a phase proportional to the
external magnetic fields oriented along the NV center
quantization axis. The observed signal is the expecta-
tion value of the σz operator s (τ) = Tr [ρ (τ)σz]:
s (τ) = 〈↑ |R† (θ, ω1tp)U† (0, τ)R† (θ, ω1tp)σz
×R (θ, ω1tp)U (0, τ)R (θ, ω1tp) |↑〉, (1)
where σz is the Pauli spin matrix, U(0, τ) is the free
evolution operator, R (θ, ω1tp) the rotation operator for
an off-resonant pulse (see supplementary material) and
θ = arctan(ω1/∆) the rotation angle[40]. Here ω1 =√
ω20 + ∆
2) is the effective precession frequency, with ∆
being the detuning in the driving field, ω0 the resonant
Rabi frequency and tp the effective pulse duration.
In the case of noisy environments, a time dependent
detuning shift arises from the noise contribution to the
total magnetic field acting on the NV centers spin. In
this situation, the rotating-wave free evolution operator
can assume different forms, with the most general one
being:
U∆ (0, τ) = exp
[
−iσz
2
∫ τ
0
(∆ + f(t)) dt
]
, (2)
where f(t) represents the local σz field at the free preces-
sion time t and ∆ is the detuning term leading to the ob-
servation of Ramsey fringes 2. If we assume f(t) changes
on a time scale larger than each acquisition time τ , then
a composite pulse sequence may be used to compensate
the random phase accumulated for each τ measurement.
This is the principle of the Hahn-echo, where a resonant,
refocusing pulse applied at the center of the free evolution
time is used to reverse the precession in the second half of
the sequence, cancelling the effect of static fields and low-
frequency noise but removing spin phase oscillations as
FIG. 2. Ramsey (blue) and Hahn-Ramsey (orange) measure-
ments on a single NV center in diamond, with the solid lines
showing the fit functions. The beatings are due to a sec-
ond spin weakly interacting with the NV electron spin. The
Hahn-Ramsey fit is done with equation (3) as given in the
supplementary material, provided a detuning of ∆ = 4 MHz
that follows the condition ∆ < ΩRabi. An exponentially de-
caying fit of the form exp
[− (t/τc)2] gives a coherence time
T ∗2 = (1.9± 0.1) µs for the Ramsey and T2,HR = (3.1± 0.1)µs
for the Hahn-Ramsey.
well. The Hahn-Ramsey scheme combines the temporal
pulse distribution of the Hahn-echo with detuning; the
sequence consists of an initial and final pi/2 pulse having
a ∆ detuning, separated by a free precession time τ and
a central pulse of length pi having instead opposite de-
tuning −∆ (see Fig. 1 c). The central, inversely detuned
pi pulse, separates the free precession time in two parts,
with the first being described by the operator U∆(0, τ)
and the second by U−∆(τ, 2τ). In this way, the slow con-
tribution of f(t) is cancelled out, leaving nevertheless an
oscillating spin phase dependent on ∆ only. The general
3FIG. 3. The top figure shows the filter functions contributing
to the Hahn-Ramsey signal; the colors represent respectively
the non-oscillating part (green), the component oscillating in
cos (∆τ) (orange) and the component oscillating in cos (2∆τ)
(blue). The first and the last terms are equivalent to the Ram-
sey and Hahn-Echo filter functions, while the latter has the
same periodicity of the Hahn-echo but different values. The
contribution to the overall signal is given by the detuning-
dependent weighting coefficients depicted in the bottom fig-
ure with their respective colors, with the red line showing
the constant term dependent only on the ratio between Rabi
frequency and detuning.
expression of the Hahn-Ramsey signal is then:
s (2τ) = 〈↑ |R† (θ, pi/2)U† (0, τ)R† (−θ, pi)U† (τ, 2τ)
×R† (θ, pi/2)σzR (θ, pi/2)
× U (τ, 2τ)R (−θ, pi)U (0, τ)R (θ, pi/2) |↑〉. (3)
In order to demonstrate the scheme, we carry out several
acquisitions of the Ramsey and Hahn-Ramsey signals on
different NV centers in the diamond plate. With the ap-
plication of a ≈ 500 G static field parallel to the defects
quantization axis, we achieve a nuclear spin hyperpolar-
ization [41] of 80 % - 90 % (see Figure 1), that allows
us to work with an approximate two-level spin-1/2 sys-
tem. We perform a proof-of-principle measurement by
applying on the NV center a well-known artificial noise
and comparing the Ramsey and Hahn-Ramsey envelopes;
this is shown in the supplementary material.
We then proceed to record the Ramsey and Hahn-
Ramsey fringes for a specific radiofrequency detuning, as
shown in Figure 2. By testing the sequence effect directly
on the NV centers in our diamond, we find that the Hahn-
Ramsey is effective in increasing the visibility of the elec-
tron spin phase oscillations and the T2,HR time. This is
depicted in figure 2, where an exponential fit indicates
an oscillation decay time change from T ∗2 (1.9± 0.1) µs
to T2,HR (3.1± 0.1) µs. In order to explain the effect of
the decoupling sequence, we evaluate Eq. (3) and derive
its form after taking into account the effect of noise pro-
cesses. We consider f(t) to be a classical magnetic noise
represented by a compound Poisson process where the
jump times have an exponentially decaying probability
density function with a correlation time of 1/λ and the
jump intensities have a Gaussian distribution with zero
average and Γ variance. By including this in Eq. (3), we
obtain an expression that links the fringes decoherence
profile to detuning and Rabi frequencies, and also to the
noise parameters previously defined (see supplementary
material). After switching to the frequency domain, the
expected signal can be expressed as an exponentially de-
caying function s (τ) = exp [−χ (τ)][42], where the expo-
nential argument is the frequency convolution between
the control sequence filter function and the spectral den-
sity function of the external field or noise process. From
Eq. (3) it can be seen that the opposite detuning for the
refocusing pulse with respect to the pi/2 pulses leads to
a signal that is the sum of two detuning-induced oscillat-
ing components and one non-oscillating component, each
one decaying with a different behavior. The overall signal
can then be written as:
sθ (2τ) =
a4
2
(
1− 2b2)+ a2b4
2
exp
[
−2λΓ
2
pi
∫ ∞
0
dω/ω2
ω2 + λ2
sin2 (ωτ)
]
(4)
− 2a4b2 cos (∆τ) exp
[
−2λΓ
2
pi
∫ ∞
0
dω/ω2
ω2 + λ2
sin2
(ωτ
2
)]
+
b4
2
(
a2 + 1
)
cos (2∆τ) exp
[
−8λΓ
2
pi
∫ ∞
0
dω/ω2
ω2 + λ2
sin4
(ωτ
2
)]
with a = cos(θ) and b = sin(θ). We find out that the
Hahn-Ramsey signal is the superposition of three decay-
ing components, weightened by detuning related coeffi-
cients (see Fig. 3). The term with the spin phase oscillat-
ing as cos (2∆τ) is associated with a Hahn-Echo type of
filter function, that means the coherence decays as in the
standard Hahn-echo sequence, while the non-oscillating
term shows a Ramsey-like decoherence. The term oscil-
lating instead as cos (∆τ) has a different behavior; its
filter function has a similar periodicity of the Hahn-Echo
4FIG. 4. Simulation showing the Ramsey, Hahn-Ramsey and
Hahn-echo measurements given the parameters of λ = 2.5 1/t,
Γ = 2pi · 0.1 1/t and θ = 0.2pi. For a detuning comparable
to the Rabi frequency, the cos (∆τ) component contributes
significantly to the signal, leading to a T2,HR spin phase co-
herence longer than the Ramsey and Hahn-echo times.
but different magnitude, and gives a longer decoherence
time. By choosing an opportune detuning one can select
how each component is contributing to the total signal.
The cos (∆τ) component not only provides, in certain
cases, a longer spin phase coherence time with respect
to the resonant Hahn-echo (see Fig. 4), but it can also
be used to measure small DC magnetic fields that act
as a bias and shift the detuning of the pi and pi/2 pulses
asymmetrically. In this case the sensitivity, maximized
for θp = 0.2pi, is:
ηHR ∝ 1
3piγe
√
T2,HR
(5)
In conclusion, we have described and experimen-
tally demonstrated a Hahn-Ramsey type of dynamical
decoupling sequence on NV centers in diamond. By
opportunely inverting the detunings in the RF control
sequence, we are able to show that the HR scheme is ef-
fective in providing a better suppression of low-frequency
noise with respect to the Ramsey scheme, approaching
the Hahn-echo limit when the detuning is smaller than
the Rabi frequency. This can be exploited to obtain
an improved spin phase oscillation visibility. When the
detuning magnitude is instead comparable to the Rabi
frequency, the Hahn-Ramsey can provide even longer
Ramsey fringes decay times and may also be used for
DC magnetometry, providing a better sensitivity than
the standard Ramsey interferometry.
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PULSE OPERATOR
We define the general operator for an off-resonant RF pulse [1]:
R (θ, ω1tp) = Ry (θ)Rz (ω1tp)Ry (−θ) . (1)
Here, tp is the pulse duration, ω1 is the effective precession frequency defined as ω1 =√
ω20 + ∆
2 with ∆ being the RF detuning with respect to the spin transition frequency, ω0
is the resonant Rabi frequency, and θ is defined as θ = arctan (ω1/∆).
HAHN-RAMSEY SEQUENCE: DERIVATION OF THE SIGNAL
In the following we show the detailed derivation of the < Sz > expression (main text Eq.
3) for the Hahn-Ramsey sequence given the specific conditions that are mentioned in the
main text; the final formula (equivalent to Eq. 4 of the main text) reads:
〈Sz(2τ)〉 = a
4
2
(
1− 2b2)+ a2b4
2
e−2(F1+δF )
− 2a4b2 cos (∆τ) e−F1 + b
4
2
(
a2 + 1
)
cos (2∆τ) e−2(F1−δF ), (2)
where a = cos Θ and b = sin Θ and Θ is the rotation angle given from the experiment
and ∆ = ωs − ω0 describes the detuning between the driving microwave field and the spin
eigenfrequency. The noise contribution are given with:
F1 :=
1
2
∫ τ
0
dt1
∫ τ
0
dt2〈〈F (t1)F (t2)〉〉 (3)
δF :=
1
2
∫ τ
0
dt1
∫ 2τ
τ
dt2〈〈F (t1)F (t2)〉〉, (4)
for which we use the noise correlation:
〈〈F (t1)F (t2)〉〉 =Γ2e−λ|t1−t2|, (5)
and therefore evaluate the dephasing constants to:
F1 =
Γ2
λ2
[
λτ + e−λτ − 1] , (6)
δF =
1
2
Γ2
λ2
[
1− 2e−λτ + e−2λτ] . (7)
2
This process is associated with an ergodic Ornstein-Uhlenbeck process:
Ft =F0e
−λt + Γ2λ
∫ t
0
e−λ(t−s)dWs (8)
where W describes a Wiener process with 〈〈dWs〉〉 = 0 and 〈〈dWsdWt〉〉 = δ(t − s). Due to
this process, we can evaluate an exponential of a stochastic variable in a Gaussian way:
〈〈exp
[∫ τ
0
F (t1)dt1
]
〉〉 = exp
[
−1
2
∫ τ
0
∫ τ
0
〈〈F (t1)F (t2)〉〉dt1dt2
]
. (9)
Given these parameters, we define now the Hahn-Ramsey sequence via the canonical spin
operators [Si, Sj] = iijkSk:
|Ψf〉 =R(Θ, pi/2)e−i2gSzR(−Θ, pi)e−i2fSzR(Θ, pi/2) |0〉 (10)
with R(α, β) = exp[−iSyα] exp[−iSzβ] exp[iSyα] and f = (∆τ +
∫ τ
0
F (t1)dt1)/2 and g =
(−∆τ + ∫ 2τ
τ
F (t1)dt1)/2.
To calculate the signal, we switch into the density matrix picture:
〈Sz(2τ)〉 =Tr
[
ρ(2τ)R†(Θ, pi/2)SzR(Θ, pi/2)
]
. (11)
The density matrix can be calculated analytically:
ρ(2τ) =
1
2
 a2+a4+b4−2ab2[a cos(2f)+sin(2f)] −a2b(i+a)e−2i(f+g)−2a3be−i2g+b3(a−i)ei2(f−g)
−a2b(−i+a)e2i(f+g)−2a3bei2g
+b3(a+i)e−i2(f−g)
b2+2a2b2
+2ab2[a cos(2f)+sin(2f)]
 , (12)
which fulfills Tr[ρ] = 1 and ρ = ρ†. With
R†(Θ, pi/2)SzR(Θ, pi/2) =
 a2 b(a− i)
b(a+ i) −a2
 , (13)
we can compute the expectation value:
〈Sz(2τ)〉 =a2 [〈0| ρ(2τ) |0〉 − 〈1| ρ(2τ) |1〉] (14)
+ 2abRe [〈0| ρ(2τ) |1〉]− 2bIm [〈0| ρ(2τ) |1〉] . (15)
Taking the matrix elements, we yield the formula given in the main text. To calculate the
signal, the noise correlation is used:
〈〈cos(2f)〉〉 = cos(∆τ)e−F1 (16)
〈〈sin(2f)〉〉 = sin(∆τ)e−F1 (17)
〈〈exp[−2i(f + g)]〉〉 =e−2(F1+δF ) (18)
〈〈exp[2i(f − g)]〉〉 =e−2(F1−δF )ei∆2τ (19)
〈〈exp[−2ig]〉〉 =e−F1ei∆τ . (20)
3
Therefore, in the long-time limit τ → ∞, the density matrix is a mixed state without
off-diagonal elements:
lim
τ→∞
ρ(τ) =
1
2
a2 + a4 + b4 0
0 b2 + 2a2b2
 , (21)
since exp[F1]→ 0.
HAHN-RAMSEY WITH ARTIFICIAL NOISE
In order to test the sequence, we choose an NV center with similar T ∗2 and T2,HR coherence
times . We therefore select an NV center with a (1.6± 0.1) µs T ∗2 time; we generate a
magnetic noise pattern by means of a small solenoid having its symmetry axis aligned with
the NV center quantization axis. In this way we are able to apply a noise with well defined
statistical properties that are independent of the NV center environment. We measure the
Ramsey and Hahn-Ramsey decoherence profiles with and without the artificial noise, and
use the model described in the paper (Eq. 6-9) to explain the observations (see Figure 1).
We find that the Hahn-Ramsey sequence is effective in partially compensating the induced
noise and the Hahn-Ramsey and Ramsey decays are well fitted by the theoretical model.
By deconvoluting the environmental component from the induced Poissonian noise, we are
able to gain an insight into the strength and dynamics of the environmental fluctuations,
and the plots in Figure 1 c) show the resulting optimal fit parameters for the intrinsic noise.
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Figure 1. a) Ramsey measurements on a single NV center without (top) and with (bottom) the
artificial Poissonian noise. b) Hahn-Ramsey measurement without (top) and with (bottom) the
artificial noise. By comparing the two, it is possible to observe that the Hahn-Ramsey sequence
provides longer coherence time. In c), the strength and correlation parameters for the intrinsic noise
are derived from an optimal-fit method showing the normalized residuals for the chosen parameter
space, where a value close to zero indicates a better fit to the experimental results. In I and III,
the Ramsey sequences are compared, with the color plot evidencing the optimal parameter area
for the bare NV measurement without (I) and with (III) the artificial noise. In II and IV, the same
is done with the Hahn-Ramsey sequence. By combining the optimal parameters for Ramsey and
Hahn-Ramsey, it is possible to conclude that the intrinsic noise has a correlation time higher than
≈ 0.1 µs, as this is consistent with both of the measurements.
DERIVATION OF THE SENSITIVITY
We start from the expression of the Hahn-Ramsey signal s (2τ) as defined in Eq. (2)
of the supplementary. Now, this is calculated for a +∆ detuning for the two pi/2 control
pulses and an opposite −∆ detuning for the refocusing central pi pulse. By adding a small
static magnetic field to the physical system, the spin transition resonance line shifts and the
pulse detunings become asymmetric. Specifically the pi/2 pulses in the rotating wave picture
become ∆−  detuned, while the central refocusing pulse transforms to a −∆ +  detuning.
By recalculating the signal for these detunings, we get:
〈Sz (2τ, )〉 = a
4
2
(
1− 2b2)+ a2b2
2
exp(−2(f1 + δf))
[
b2 cos (2τ)− 2a sin (2τ)]
− 2a3b2 exp (−f1) [cos (∆τ) (a cos (τ) + sin (τ))]
+
b4
2
(
a2 + 1
)
cos (2∆τ) exp (−2(f1 − δf)) . (22)
In order to estimate the sensitivity, we calculate the derivative of the previous equation with
respect to :
∂ 〈Sz (2τ, )〉
∂
= −2a3b2 exp (−f1) [τ cos(∆τ) (cos(τ)− a sin(τ))]
− a2b2 exp(−2(f1 + δf))τ
[
2a cos(2τ) + b2 sin(2τ)
]
. (23)
Following now the approach of reference [2], we consider u and v to be the photon intensity
for a phase accumulation in the free precession time of 0 and pi. For the NV center, this
is equivalent to ’bright’ and ’dark’ states. We define then α = (u − v)/(u + v) as the
measurement contrast and β = (u + v)/2. The optical signal collected during a magnetic
field measurement is hence given by:
S(2τ) =
u+ v
2
+
u− v
2
〈s(2τ)〉 . (24)
The smallest detectable field (B) is given by:
δBmin =
δS
max
∣∣ ∂S
∂B
∣∣ (25)
with  = 2piγeB, γe the NV electron gyromagnetic ratio, and δS =
√
β. Combining these
equations, we get that the minimal detectable field for the Hahn-Ramsey is:
δBmin =
1
3piγeτα
√
β
(26)
6
where the sensitivity follows as:
ηHR ∝ 1
3piγeα
√
T2,HR
. (27)
The Hahn-Ramsey for DC magnetometry performes better than the Ramsey especially for
the cases of fast environmental noise and low RF pulse powers (Rabi frequencies).
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